A study of wood dust exposure at furniture factories in one county in Denmark was performed as a cross sectional study. Dust exposure was measured with personal passive dust monitors and calibrated against active sampling on filters. Measurements of 1685 workers were included in the exposure assessment. The passive dust monitor conversion models for equivalent concentrations of inhalable dust and total dust based on data from the present study were not significantly different from the original models. Therefore models based on all available data were used. The parameters of the distribution of equivalent concentration of inhalable dust were 0.94 mg/m 3 (geometric mean) and 2.10 (geometric standard deviation). Compared with a national cross sectional study from 1988 the exposure level (geometric mean) was reduced by a factor 2.0. Inhalable dust exposure was about 50% higher than exposure measured by the Danish 'total' dust method.
INTRODUCTION
The International Agency for Research on Cancer (IARC) has classified wood dust as a human carcinogen (IARC, 1995) . Additionally, results from epidemiological studies indicate that workers exposed to wood dust stand an increased risk of suffering from asthma symptoms (Å hman et al., 1995; Shamssain, 1992; Norrish et al., 1992; Haxhiu et al., 1982; Solgaard, 1975) , chronic bronchitis (Å hman et al., 1995) and impairment of lung function (Shamssain, 1992; Al-Zuhair et al., 1981; Goldsmith and Shy 1988; Carosso et al., 1987) . Exposure to dust from certain types of wood, as Western red cedar, iroko, oak may cause asthma (Hausen, 1981; Chan-Yeung, 1993; Malo et al., 1995) . However, earlier studies have not been able to disclose the extent of these health effects, especially not for pine and other types of wood used in the Nordic countries.
One of the limitations in previous epidemiological studies in the wood industry is the modest study power caused by crude measures or surrogate measures of exposure or small study populations. In general exposure assessment is based on contemporary studies, which were not an integrated part of the epidemiological study, or based on qualitative data supplemented by few measurements of dust concentration. In order to assess exposure, quantitative methods integrated in the epidemiological study are preferable. However, conventional quantitative methods are costly. The recent development of a passive dust monitor has made it economically possible to perform a large number of personal measurements (Vinzents, 1996) .
The aim of the present study is therefore to assess the present wood dust exposure in the Danish furniture industry. This assessment is based on personal dust measurements and forms part of an ongoing epidemiological study, which investigates the relation between wood dust exposure and respiratory diseases (Schlünssen et al., 1998) .
The second aim is to develop the calibration between traditional filter methods and the passive dust monitor method. 
Nomenclature
a(x)/h dust-covered foil area per hour, x is foil orientation: upward, forward, downward, s 0 standard deviation of measurement error of the blank foil, E(a(x)/h), E(x) expectation value of measurement of dust-covered foil area, s(a(x)/h), s(x) standard deviation of measurement of dust-covered foil area, s(forward/upward), s(f/u) combined random measurement error of the ratio between the forward and the upward foil, Cov(f/u) covariance between a(forward)/h and a (upward)/h, c(id) concentration of inhalable dust, c(td) concentration of total dust, GM geometric mean, GSD geometric standard deviation.
The third aim is to compare the present exposure assessment with the assessment from a study in the Danish wood and furniture industry in 1988 (Vinzents and Laursen, 1993) in order to identify time dependent changes in exposure levels. A substantial decrease over the last decade in dust exposure as geometric mean concentration has been reported earlier in the US furniture industry (Teschke et al., 1999) .
In 1988, the National Institute of Occupational Health in Denmark and the Danish Working Environment Service carried out a national cross sectional study of the working environment in the wood and furniture industry (Vinzents and Laursen, 1993; Vinzents, 1989) . Among other measures of exposure fullshift personal measurements of wood dust were performed on 396 employees in wood working departments at 96 furniture factories. In the following this study will be referred to as the 88-study. From the 88-study an elevated level of dust exposure was found at small factories and at furniture factories, compared to the rest of the industry. Another result was that the highest exposure levels were associated with specific work tasks. These findings have also been reported in other exposure studies (Scheeper et al., 1995; Jones and Smith, 1986; Lehmann and Fröhlich, 1987; Pisaniello et al., 1991; Whitehead and Freund, 1981; Alwis et al., 1999) .
MATERIAL AND METHODS

Survey design
In total, 100 furniture factories in Viborg county were identified by means of Statistics Denmark and the local Danish Working Environment Service and the local Occupational Health Service (Table 1 ). All factories with more than 20 employees were invited to participate in the study and 94% accepted. Small factories (with 5-19 employees) were randomly drawn until a sample of nine factories was reached. Factories with less than five employees were excluded from the study. In total, 54 furniture factories participated in the study, and the study population was defined as all 2381 workers employed in wood working departments, assembly departments and stock departments. A group of 595 persons were absent on the actual measuring day and seven persons refused to participate in the survey. No persons used protective respirators on the measuring day. Consequently measurements were carried out on 1779 workers from the study population.
In order to calibrate the passive dust monitor measurements against filter method measurements a number of calibration measurements were performed. Five furniture factories in the county were part of the 88-study. These five factories were selected prior to sampling of factories for calibration purposes. Calibration measurements were performed at all 19 remaining factories with more than 49 employees. From the strata of factories with 20-49 employees a random sample of seven factories was drawn. Consequently, calibration measurements were carried out at 31 factories. At each of these factories a stratified random sample of 2-8 employees was drawn for calibration measurements. The stratification was by departments. In total calibration measurements were 159 Wood dust exposure in the Danish furniture industry carried out on 111 employees from packing and assembly departments and wood working departments.
The measuring period was randomly selected at each factory as the first or last part of the daytime working shift. When an evening shift was conducted, the first half of the working period was chosen as the measuring period, and when night shift was conducted, the last half of the working period was chosen. These two later periods were chosen for practical reasons.
Sampling
Dust sampling was carried out by personal sampling with passive dust monitors. The monitor is described elsewhere (Vinzents, 1996) , but in brief, the monitor consists of three sticky transparent foils (BM-Dustlifter, BM Environmental Engineering, Denmark-Holland) mounted on a metal holder facing forward, upward and downwards respectively. A fourth foil used as a blank foil is also mounted at the monitor and is protected from dust deposition. The monitor was fastened at the upper centre of the chest at each person.
In the original passive monitor the foils were mounted on cardboard pieces that fitted into a prototype light extinction instrument. A commercial instrument (BM Dust-detector, BM Environmental Engineering, Denmark-Holland) was used in the present study and no mounts were used.
The calibration measurements were performed as simultaneous sampling with the passive dust monitor, an inhalable dust, and a total dust sampler. The inhalable dust sampler was the IOM-cassette (Mark and Vincent, 1986 ) operated at 2.0 l/min. The total dust sampler was a 37 mm Millipore Field Monitor, closed face, inlet diameter of 5.6 mm at 1.9 l/min corresponding to a inlet velocity of 1.25 m/s (DWES, 1994) . The two filter holders were situated in the breathing zone at each clavicle and were interchanged in the middle of the sampling period. Membrane filters (8.0 µm) were used in both filter cassettes.
The mean sampling time was 4 h with a standard deviation of 49 min.
Analysis
The foil area covered by dust was measured as the increase in light extinction caused by the sampled dust on the foils. The light extinction instrument was calibrated against calibration slides with 10.0% covered area (Schneider et al., 1996) .
In the 88-study report the wood dust exposure estimates are given as the organic fraction of the total dust filter sample (Vinzents and Laursen, 1993) . This was measured as loss of mass after heating for 4 h at 480°C. This procedure was not available in the present study. When cited in this study the wood dust exposure estimates from the 88-study are therefore recalculated as total dust. The previously reported ratio of 1.18 of the total dust to the organic fraction is used for the calculation (Vinzents, 1989) .
Resources used for sampling and analysis
In Table 2 the relative costs of personal dust sampling are given. The table is based on rough estimates and experience from the Danish National Institute of Occupational Health. The investment in filter sampling equipment includes battery driven pump and Millipore Field Monitors. The necessary laboratory equipment for the filter methods includes temperature and humidity controlled weighing of filters. The details on the monitor equipment are given elsewhere.
Outlier tests
Each exposed foil was visually inspected after sampling. If finger marks or other marks, that would increase the light extinction, were found on a foil, the measurement was excluded. This was the case for 59 measurements.
An outlier test for the passive dust monitor measurements was constructed from the ratio of dustcovered foil area on the upward foil to dust-covered foil area on the forward foil. Due to gravitation the amount of dust deposited on the upward foil should always exceed the amount of dust on the forward foil. This is expressed in the equation:
a(forward)/h and a(upward)/h is percentage of dustcovered foil area per hour for the forward and upward foils respectively. s(forward/upward) is the combined random measurement error of the ratio between the forward and the upward foils. When the exposed upward and forward foils are corrected with the blank result, these measurements are not independent. A random error is associated with the measurement of each blank corrected exposed foil. This random error is 2 0.5 ×s 0 , where s 0 is the standard deviation of the distribution of blank foil measurements. An expression for the standard deviation of the ratio between dependent measurements is given by Kendall and Stuart (1977, pp. 246-8) :
E is the expectation value, s is the standard deviation and Cov is the covariance. Observe that (Vinzents, 1996) . The result is that the criteria for valid measurements based on the outlier test is:
When this test was applied 35 measurements were excluded. Another version of the outlier test which also included the downward foil was not feasible in this study, since the dust deposition on the downward foil was low due to the generally low dust concentration level in this study.
The dust concentration models
The original models for equivalent concentrations of inhalable dust and total dust were based on regression of dust concentration measured by personal filter sampling of total dust and inhalable dust (Vinzents, 1996) . The linear regression was carried out on log-transformed values.
The original models (Vinzents, 1996) were compared to models only based on calibration measurements from this study. The tests were carried out for each term (upward, forward, downward) by testing if the lines of regression from each study are parallel and have non-zero slope. The result is that the only non-zero slopes terms were the upward terms, and that the hypothesis: the slopes by study are equal, cannot be rejected (P(inhalable dust)Ͻ0.54 and P(total dust)Ͻ0.90).
Based on these results all available calibration measurements are now used in the updated models. Calibration measurements from two minor studies are therefore also included in the present updated models (Vinzents and Mølhave, 1997; Vinzents et al., 1996) . These two studies were an indoor air climate chamber study and a pilot study conducted prior to the present main study, respectively. The number of calibration measurements in each study is given in Table 3 .
Several linear regression models have been explored with the SPSS programme (version 7.5.2). Based on the residual analysis and search for maximum values of adjusted R 2 , multi-variate models for equivalent concentrations of inhalable dust and Vinzents et al. (1996) . total dust were chosen. In these models the components from each of the three differently orientated foils have individual weights.
The rejected models were:
ț Uni-variate models where the sum of dust-covered area from the three foils were used as one single independent variable. ț Weighted least square regression where the precision (dust-covered foil areas) for each measurement were used as weights. ț Multi-variate models where the type of dust was added as independent variables. ț Multi-variate models where the four studies were added as independent variables.
The uni-variate models had low R 2 values and nonrandomly distributed residuals. The unity weight function maximised the log-likelihood function. Therefore no models with individual weights could be established. When the dust types of the specific studies were included as independent variables in the models, large standard errors of estimates were produced because the calibration measurements are clustered by type of dust and by study.
The correlations (listvise, N=106) between the logtransformed variables in the final models are given in Table 4 . The equation for the models is:
a(x)/h is dust-covered foil area per hour and x is the orientation forward, upward or downwards of the normal vectors to the foil planes. c(td) and c(id) are concentrations of total dust and inhalable dust, respectively.
The coefficients and statistics of the models are given in Table 5 . The estimates k 1 and k 3 for the con- tributions from the forward and downward foils are close to zero and the terms are included in the models in order to reduce the variance and to obtain randomly distributed residuals. Figure 1 is a scatter plot of unstandardised predicted values of equivalent concentrations of inhalable dust against concentrations of inhalable dust measured by the filter method.
The standard deviation of the distribution of blank foil measurements as dust-covered area was 0.91%, inal field study (Vinzents, 1996) . and this is used as the limit of detection for the passive dust measurement method. In total 153 measurements were below the limit of detection. When the dust deposition on the forward foil or the downward foil in one measurement was less than zero the corresponding term in the equation was excluded. For all other cases the multi-variate model given above was used. The limit of detection as dust-covered foil area can be expressed as equivalent dust concentration when the mean sampling time and the dust concentration models are applied. The limits of detection are 0.33 mg/m 3 for inhalable dust and 0.23 mg/m 3 for total dust. The 153 measurements below the limits of detection are given the value of half the limit of detection. According to Hass and Scheff (1990) this method will produce a bias on the mean value of the true distribution less than 2%. Other approximation methods dealt with by Hass and Scheff (1990) will produce the same size of bias in the present dataset.
RESULTS
After the outlier tests were applied, 1685 measurements were included in the study and used for further analysis of equivalent concentrations of total dust and inhalable dust. The measurements below the limit of detection were included.
The percentage of workers exposed to specific wood dust were: 42% to pine wood, 15% to wood composite (particle board, medium density fibre board), 6% to hard wood. The rest, 34%, was exposed to mixed wood types, and no information was available for the last 4%.
The monitor results
The pattern of correlations reported in Table 4 between the filter method results and the dust-covered foil areas is that the highest correlations are found between the upward foil and the filter methods, and the lowest are found between the downward foil and the filter methods. The concentration of inhalable dust correlates better than the concentration of total dust to dust-covered area on the upward foil. These results are also seen in the original passive monitor study (Vinzents, 1996) . 
The exposure assessment
The measurements below the limit of detection contain exposure information and are therefore included in the dataset, as stated above. This will affect the distribution of measurements and the resulting distributions are bi-modal. The large mode is log-normally shaped and contains 1532 measurements, and the small mode is a peak with 153 measurements. By convention the log-normal distribution is applied as the model distribution.
The parameters for the distributions of equivalent concentrations are for inhalable dust, geometric mean (GM) 0.94 mg/m 3 and geometric standard deviation (GSD) 2.1, and for total dust, GM 0.60 mg/m 3 and GSD 1.96.
The parameters for the distributions of measurements by filter methods are for inhalable dust, GM 1.00 mg/m 3 and GSD 1.95, and for total dust, GM 0.63 mg/m 3 and GSD 2.08. The correlation between filter method concentrations of inhalable dust and total dust is 0.80, and the mean ratio of concentration of inhalable dust to concentration of total dust is 1.59.
Only small differences were found when geometric mean exposures according to the 54 factories are compared. At 51 factories the geometric mean equivalent concentrations were within 0.40-1.00 mg/m 3 for total dust and within 0.56-1.78 mg/m 3 for inhalable dust.
The exposures during a number of specific work tasks are given in Table 6 . The highest exposure was found during manual sanding and the lowest exposures were found during handling, packing and assembling, i.e. when no wood working is performed.
The exposures according to factory size are given in Table 7 .
The dust concentrations were increased at small factories and decreased at large factories.
A non-significant term of interaction (PϽ0.39) was found from a 2-way ANOVA of log-transformed dust concentration by factory size and work task, so dust concentration by factory size is not influenced by work task. Comparison of exposure levels When only measurements performed at employees in the wood working departments are included the equivalent concentration of total dust is: GM=0.69 mg/m 3 and GSD=1.87 (N=1085). This sub-sample is comparable to the sample from furniture factories in the 88-study. One result from the 88-study was that the GM of the total dust concentration at furniture factories was 1.32 mg/m 3 and the GSD was 2.73 (N=396). Thus the geometric mean of the total dust equivalent concentration in the present study is 52% of the concentration reported in the previous study. A Deming analysis of the pairwise results (intra-factory means, monitor measurements from the present study and filter measurements from the 88-study) from the five factories which participated in both studies produces a slope with the value 0.68 and intercept 0.0 when a straight line is used as a functional model. The correlation is 0.70. In the Deming analysis the variance of the independent variable is also taken into account, which is not the case in the traditional regression.
DISCUSSION
One main result from this survey is the updated model for equivalent dust concentration of total dust and inhalable dust obtained from pairwise measurements using the passive dust monitor and traditional filter methods. Although the forward and downward terms in the present updated models only are of minor importance they are kept in the models in order to maintain a general model.
When the passive monitor measurements are compared with the traditional filter method measurements, higher correlations are found between the filter measurements and dust-covered foil area per hour on the upward foil compared to the foils with other directions. The highest correlation is found between inhalable dust and the upward foil. Obviously large particles will preferentially deposit on the upward foil and the higher correlation to inhalable dust, compared to total dust, is due to the increased large particle sampling efficiency of the inhalable sampler compared to the sampler for total dust. The correlations between the two sampling methods can be used to assess the allocation of resources (Armstrong, 1996) . It is shown that to maximise study power the square of the correlation between the true exposure (A) and the approximate assessment (B) has to exceed the ratio of study cost per subject, B/A. A conservative estimate of the correlations is given as the adjusted R 2 -values in Table 5 . The lowest value is 0.5. A study based on the passive dust monitor will be more efficient if the cost of filter measurements is more than twice (0.5 Ϫ1 ) the cost of the monitor measurements. Although the costs connected with each method have not been investigated in a detailed and controlled manner, it is the authors' experience that the passive monitor method is more cost efficient than the filter method. The purchase of the monitor is inexpensive compared to filter cassettes and battery driven pumps. The light extinction measurement of the foils is faster than filter weighing and no sample conditioning is needed. But the present bottleneck is the manual mounting and dismounting of four items (foils) per sample compared to only one filter per sample. The same quantity of laboratory work per sample is needed for each method with the present laboratory routines. Obviously it is a challenge to minimise the laboratory work needed for the passive monitor method. Finally a measuring team of technicians can initiate and supervise more passive monitor measurements than filter equipment measurements.
As a result of the analysis of regression simple models for equivalent dust concentration were established. When all model requirements are met, i. e. that the residuals are normally distributed and independent of other variables in the model, the relation between the two measurement methods is without systematic error. The random error associated with the foil measurements is given as the standard deviation of the distribution of blank foil measurements. Unfortunately the random error in the present study is increased compared to the random error in the original study. The reason is that the foils were not fixed as precisely in the commercial light extinction instrument as in the instrument used in the original study. The increased blank foil random error combined with the low dust levels was the reason why the limit of detection was defined as one times the standard error of blank measurements instead of three times the standard error as usually done.
Personal exposure to wood dust contains contributions from many sources in the production facilities (Scheeper et al., 1995) . These sources can be: the present machine, other machines in the vicinity, dust carried by re-circulated air, dust re-suspended by compressed air or by sweeping. The machine-type sources may be modified by local exhaust ventilation. It is difficult (practically impossible) to determine the contribution from each of the sources but several authors have reported exposure during work at specific wood working machines (Scheeper et al., 1995; Jones and Smith, 1986; Pisaniello et al., 1991; Whitehead and Freund, 1981; Alwis et al., 1999) . The present result is concurrent with the other reports and the highest exposure is measured during manual sanding, where the worker is close to the dust producing interface of tool and wood and where dust control is difficult due to materials of irregular shape. On the other hand the lowest exposure is measured when the worker is performing assembly work including packing and handling. The assessment of wood dust exposure from other sources between these two extreme points shows only marginal differences. The decreasing exposure by increasing factory size found in the present study and in the 88-study underlines the need for better control measures at small factories.
The decrease of dust exposure, given as geometric mean equivalent concentration, to 52% of the level reported in the 88-study corresponds to the intra-factory trend over time found from the Deming analysis. One main difference between the present study and the 88-study is their stratification by size of factory, but since wood dust exposure is only affected to a limited extent by factory size in both studies, the 164 V. Schlünssen et al. possible bias will not influence the trend between the two studies. The overall GSD of the present study is smaller than the overall GSD of the 88-study. This decrease of the GM and the GSD can be achieved by excluding the highest values in the distribution. This could indicate that the working environment efforts in the industry in the last decade have been directed against the highest exposures.
